agricultural productivity by improving SOC content and recycling nutrients to the soil (Franzluebbers and Stuedemann, 2008; Hart et al., 1995; Liebig et al., 2010) . Several studies have observed increased (Schuman et al., 1999; Ginting et al., 2003) or maintained levels (Franzluebbers and Stuedemann, 2008; Silveira et al., 2013) of SOC by using best management practices for grazing. Proper grazing land management has the potential to increase global C stock by 0.1 to 0.3 Mg ha -1 yr -1 for pastures in the United States (Morgan et al., 2010) . However, grazing may also contribute to increases in greenhouse gas (GHG) emissions (Flessa et al., 1996; Oenema et al., 1997) .
Studies that evaluate GHG emissions in grazed pastures are limited. Grazing livestock recycle labile N to soil through urine and feces deposition and these labile N forms are susceptible to atmospheric loss through denitrification processes. Approximately 15% of agricultural N 2 O emissions are contributed from livestock farming (Oenema et al., 2008) . Compaction created by livestock can contribute to poor soil aeration and conditions favorable to CH 4 production. Soils used in crop production can act as either sources or sinks of CH 4 , dependent on soil moisture and landmanagement practices (Chan and Parkin, 2001; HernandezRamirez et al., 2009; Venterea et al., 2005) . Studies that assess grazing impact on soil CO 2 flux often observe a decrease in CO 2 production when grazing livestock are incorporated into the system (Bremer et al., 1998; Johnson and Matchett, 2001) . It is critical to understand carbon cycling and GHG emissions in novel cropping systems, such as the proposed FCR, to predict resilient agroecosystems for an uncertain and changing climate, since the effects of this integrated forage-row crop-cattle system on GHG emissions in the Southeast is relatively unknown.
Incorporating high-biomass crops and conservation tillage practices into a crop rotation system may help mitigate the net emission of GHG from agricultural soils through sequestration of SOC. Although it is well established that pastures can increase SOC storage compared with row cropping, it is necessary to determine the effect of a short-term (2 yr) incorporation of pastureland into a crop rotation on SOC storage and GHG emissions with and without grazing. This study measures the impact of a grazed FCR on SOC and GHG emissions to assess the environmental impact of incorporating an FCR in Coastal Plain soils.
MATERIALS AND METHODS

Site Description
Two farm-scale large plot irrigated FCR systems were evaluated for this study at the Wiregrass Research and Extension Center (WREC) in Headland, AL, and the North Florida Research and Education Center (NFREC) in Marianna, FL. Each FCR had been established for >10 yr at the time of sampling. Soils at the WREC site are classified as fine-loamy, kaolinitic, thermic Plinthic Kandiudults of the Dothan series. Soils at the NFREC site are primarily (>70%) classified as loamy, kaolinitic, thermic Arenic Plinthic Kandiudults of the Fuquay series.
Experimental Design
At WREC, a field of 20.2 ha was divided into six blocks (Fig. 1) . Four of the six blocks rotated through each crop phase of the FCR: peanut (Peanut-FCR), cotton (Cotton-FCR), bahiagrass in its first year (Bahia1-FCR), and bahiagrass in its second year (Bahia2-FCR) during the summer, which was used to define the treatment for the year. Cultivars were Georgia-06G peanut, Phytogen 375 WRF or Phytogen 499 WRF cotton, and Tifton 9 bahiagrass. Three fenced cattle-exclusion cages (15 × 15 m) were placed in each FCR block during the grazing period at established locations designated using GPS coordinates. The additional two blocks were established as a traditional rotation (TR) of peanut (Peanut-TR) and cotton (Cotton-TR) for comparison to the FCR. Two cattle-exclusion cages were placed in each TR block. Adjacent to each cattle exclusion cage, a plot of 15 × 15 m was designated as a grazed area for soil and GHG sampling. Samples were taken near the center of each cattle exclusion cage and adjacent grazed area to assess the grazing effects on SOC storage and GHG emissions. A cover crop mixture of oat (Avena sativa L.) and rye (Secale cereale L.) followed Peanut-TR, Cotton-TR, Peanut-FCR, Cotton-FCR, and Bahia2-FCR each winter. Fertilizer, irrigation, and herbicide at WREC were applied according to Alabama Cooperative Extension System recommendations.
At NFREC, a 61-ha field was divided equally into four blocks (Fig. 2) rotating through all phases of the forage-crop rotation (FCR): Peanut-FCR, Cotton-FCR, Bahia1-FCR, and Bahia2-FCR (Fig. 2) . Two fenced cages (15 × 15 m) were placed into each quadrant during grazing periods to prevent cattle from entering. Similar to WREC, an adjacent location of similar size to the cage was designated 3 m adjacent to the cage as a grazing sampling area. Samples were taken from each cattle exclusion cage and adjacent grazed area to assess the effect of grazing on SOC storage and GHG emissions. An additional grazed sampling area was established within each quadrant at NFREC to increase sample size. Pensacola bahiagrass was used at NFREC. A winter cover crop of oat and rye or annual ryegrass (Lolium multiflorum L.) followed Peanut-FCR, Cotton-FCR, and Bahia2-FCR crops each winter at NFREC. Fertilizer, irrigation, and herbicide at NFREC were applied according to University of Florida Extension recommendations.
Management factors within a location were identical in caged and grazed areas of experiments with the exception of bahiagrass, which was periodically cut for hay in caged areas. Cages were removed for crop management (e.g., planting, harvest, hay cutting), but were re-installed when cattle were actively grazing. All sampling locations were located under an irrigation pivot. All FCR treatments were managed with strip tillage (ST). The TR treatments at WREC were managed with ST before planting Peanut-TR and Cotton-TR, but were disked before planting winter cover crop to simulate typical farming practices in the area. At WREC, cotton stalks were mowed after harvest. At NFREC, cotton stalks were pulled after harvest, which had the effect of turning the soil.
Grazing Management
Cattle were allowed to graze Bahia2-FCR during summer and fall. During winter and spring, cattle grazed the cover crop as forage was available. At WREC, a stocking rate of 2.5 cattle ha -1 was used during summer/fall grazing of Bahia2-FCR and winter grazing of cover crops following Peanut-FCR, Cotton-FCR, Peanut-TR, and Cotton-TR. A rate of 1.2 cattle ha -1 was used for winter cover crop following Bahia2-FCR. Bahia2-FCR was grazed during late-April until late-September. Bahia1-FCR (i.e., transition from Bahia1-FCR to Bahia2-FCR) was grazed from late-September to mid-December at a stocking rate of 2.5 cattle ha -1 , while winter cover crops were being established in other blocks. From mid-December until lateApril, cattle grazed at 2.5 cattle ha -1 as forage was available during winter grazing of cover crops following Peanut-FCR, Cotton-FCR, Peanut-TR, and Cotton-TR. A rate of 1.2 cattle ha -1 was used for the winter cover crop that followed Bahia2-FCR. At NFREC, a stocking rate of approximately 3.4 cattle ha -1 was used for grazing of all winter cover crops, and a rate of 2.5 cattle ha -1 was used for summer grazing of second-year bahiagrass.
Soil Sample Collection
Soil samples from each location were collected using a truckmounted Giddings probe (Giddings Machine Company, Windsor, CO) in December 2012 after harvest of summer crops. Cores of approximately 4 cm in diameter were taken to a depth of 60 cm from grazed and ungrazed treatments in the FCR and TR. Cores were taken from three randomly selected areas in each cattle-exclusion cage and adjacent sampling area. Cores were divided into 0-to 5-, 5-to 10-, and 10-to 15-cm increments while in the field and stored at room temperature for <2 wk until drying.
Soil Analysis
Bulk density was determined according to the procedure outlined by Grossman and Reinsch (2002) after drying soils to constant mass. The three samples for each plot were mixed to form a composite sample after measuring bulk density. Soils were then ground with a coffee grinder to obtain fine particles (<1 mm). Dry combustion with a CN LECO 2000 analyzer (LECO Corp., St. Joseph, MI) was used to measure total C. To ensure that all C present in soils was part of the organic fraction, a simple titrimetric procedure to determine carbonate content was followed according to the method outlined by Loeppert and Suarez (1996) . No samples contained inorganic C. To convert SOC from g C kg
, the appropriate bulk density and volume of soil was multiplied by SOC concentration.
Gas Sample Collection
Gas samples of CO 2 , N 2 O, and CH 4 were taken seasonally for 2 yr using the closed chamber method according to Hutchinson and Mosier (1981) . Dates of closed chamber gas measurements at the WREC site were 21 Nov. 2011 , 20 Feb. 2012 , 23 May 2012 , 16 Aug. 2012 , 16 Nov. 2012 , 20 Feb. 2013 , 21 May 2013 , and 28 Aug. 2013 . Dates of closed chamber gas measurements at NFREC were 13 Dec. 2011 , 12 Mar. 2012 , 18 June 2012 , 11 Sept. 2012 , 14 Dec. 2012 , 6 Mar. 2013 , 12 June 2013 , and 9 Sept. 2013 . Cattle grazing in plots prevented a continuous collection of gas measurements. To maximize differences in flux with a limited number of readings, gas measurements were taken mid-day in fields that had recently been irrigated, creating a favorable environment to observe differences in CO 2 flux. Flux readings are not representative of season or daily averages but are useful for comparing soil GHG emissions between treatments.
Chambers were constructed of PVC pipe (20 cm diameter × 16 cm height) consisting of a base and detachable top containing a sampling port and a 5-mm gas vent to prevent changes in pressure. Tops of chambers were covered with reflective material to prevent absorption of sunlight and maintain ambient temperature within the chamber. The day prior to sampling, one base was inserted 3 cm into the soil profile in each plot with the base above the soil surface and open to the atmosphere. Thus, three chambers were installed for each crop phase/grazing treatment in the FCR, and two chambers were installed for each crop phase/grazing treatment in the TR at WREC. For NFREC, three chambers were installed for each grazed crop phase treatment, and two chambers were installed for each ungrazed crop phase in the FCR. Plots were irrigated uniformly 2 to 3 d before sampling (unless sampling followed a rain event) to ensure rings could be inserted into the ground without excessive soil disturbance. To obtain a representative sample, bases were placed between the row and inter-row area. Any plant material present was clipped to 2.5 cm above soil to ensure a constant volume within the chamber.
At the start of gas sampling, tops to the chambers were fitted onto each base and secured with a rubber elastic band. Removable butyl rubber septa were inserted into the sampling port. Air was mixed within the chamber by pumping air through a 60-mL syringe into the septa three times before taking the sample. Using a 10-mL syringe, gas samples were removed and inserted into a 5-mL preevacuated vial, except for the first two sampling dates when vials were not pre-evacuated and were 2 mL in size. Each sample was taken in duplicate. This process was repeated at 30 and 60 min. Four blank samples and two field standards containing 650 ppm CO 2 , 2.5 ppm CH 4 , and 0.5 ppm N 2 O were prepared before sampling and taken to the field each sampling date for quality control. Gas samples were taken between 1200 and 1600 h on each sampling day. Vials containing gas samples were stored at 5°C until analysis. Samples were analyzed using a Shimadzu GC-2014 gas chromatograph (Shimadzu Scientific Instruments, Columbia, MD) equipped with a flame ionization detector and methanizer to detect CO 2 and CH 4 concentrations and an electron capture detector to determine N 2 O concentrations for each time interval. Samples were arranged on the GC according to time sequence for each plot to avoid drift errors of the instrument. Gas flux was determined linearly by regressing time against change in mass per unit area. Mass of CO 2 -C, CH 4 -C, and N 2 O-N were determined based on area, temperature, and pressure in the chamber. Air temperature data was collected for WREC from Alabama Mesonet Agricultural Weather Information Services (AWIS, 2013) and for NFREC from the Florida Automated Weather Network (FAWN, 2013) . Ambient pressure was assumed.
Data Analysis
Data were analyzed using generalized linear mixed models procedures as implemented in SAS PROC GLIMMIX (SAS Institute, Cary, NC) using a lognormal distribution function. Year, block (year × cropping sequence), and season × block (year × cropping sequence) were treated as random effects in the model. Because this was a repeated measures design with multiple observations taken over eight seasons on each experimental unit, the residual covariance structure was modeled. None of the models resulted in an improvement over the default compound symmetry structure base on Akaike' s Information Criterion Corrected (AICC). All other source of variation (i.e., cropping sequence, grazing, and season) and their two-and three-way interactions were treated as fixed effects. The P values from multiple comparisons among means were adjusted using the simulation option implemented in the above named procedure. Significance was determined at α = 0.05. Means and 95% confidence limits are reported as back-transformed to the original scale.
RESULTS AND DISCUSSION
Soil Organic Carbon
Grazing affected SOC storage at WREC depending on season and crop phase (P = 0.026), but bulk density was not affected by grazing or any of its interactions (P ≥ 0.164). Grazing decreased SOC by 25 and 40% at the 5-to 10-cm depth for Bahia1-FCR and Bahia2-FCR, respectively, relative to ungrazed treatments (Table 1) . However, the next crop phase (Peanut-FCR) reflected no statistical differences between grazed and ungrazed treatments. Losses of SOC were likely caused by a decrease in root biomass attributed to reduced photosynthetic biomass under grazing treatment. Grazing may have caused the photosynthates to be allocated to shoot growth as opposed to root growth, especially in the 5-to 10-cm depth. Similar results were obtained by Franzluebbers and Stuedemann (2008) , who observed that grazing of cover crops decreased SOC in the 0-to 3-and 3-to 6-cm layer after 2 yr of grazing treatment. Although grazing decreased SOC in the 5-to 10-cm layer for bahiagrass, it is unlikely that grazing had a long-term effect on SOC storage. because no differences were observed following the subsequent peanut crop. This may be explained by the contribution of bahiagrass to more readily decomposable forms of C compared with other crops in the SBR. Previous studies on the SBR have demonstrated that bahiagrass-derived C are more rapidly degraded than other C sources due to a higher C 4 -C content (Gamble et al., 2014) , particularly following peanut-digging practices, which disturb the soil. There was no interaction for depth × grazing × crop at NFREC (P = 0.538).
Soil organic C was higher for all crop phases of the FCR (Bahia1-FCR, Bahia2-FCR, Peanut-FCR, and Cotton-FCR) compared with crop phases of the TR (Peanut-TR, Cotton-TR) in the top 5 cm of soil at WREC (P < 0.001) regardless of grazing treatment. However, it should be taken into account that the TR was managed with disking before the planting of winter cover crop, which may have increased decomposition of SOC. Similar results were reported by Causarano et al. (2008) , who found higher SOC storage in perennial pastureland compared with cropland managed under conservation tillage in the Coastal Plain. Tracy and Zhang (2008) observed higher SOC concentration in Table 1 (Table 2) . Unsurprisingly, flux of CO 2 tended to be greater during warmer seasons. Increasing soil CO 2 flux in spring and summer seasons is a common observation (Omonode et al., 2007; Tracy and Zhang, 2008) . It should be noted that flux readings are not representative of season or daily averages but are useful for comparing soil GHG emissions between treatments.
Effect of Grazing on Carbon Dioxide Flux
A season × grazing × crop interaction was observed for soil CO 2 flux at WREC (Table 3) . Carbon dioxide flux was significantly higher for ungrazed compared with grazed treatments for the following crop phase and season combinations: Bahia1-FCR and Bahia2-FCR in the winter, Cotton-TR in the spring, and Peanut-FCR in the summer (Table 2) . Increases in soil CO 2 flux in ungrazed bahiagrass during the winter were likely due to the increased amounts of residue left in the soil when ungrazed. It is probable that excess SOC in the surface layers of ungrazed bahiagrass, as previously discussed in SOC results, provides increased substrates for soil microorganisms to respire. Similarly, Bremer et al. (1998) observed higher CO 2 flux in ungrazed pastures compared with those that had been clipped to simulate grazing for a tallgrass prairie in Kansas. Increased soil CO 2 in Cotton-TR during the spring may have also been caused by increased residue left for respiration immediately after winter cover crop grazing. It should be noted that measurements for soil CO 2 emissions using the closed chamber method cannot distinguish between root respiration and soil respiration, and, therefore, increased root respiration may have also contributed to increased soil CO 2 flux. Although Cotton-TR was the only crop that was statistically higher when ungrazed in spring, most other crops were consistently higher after coming out of the winter cover crop when ungrazed (i.e., Bahia2-FCR, Cotton-FCR, Peanut-TR). Reduced soil CO 2 flux under grazing treatment is a common observation (Bremer et al., 1998; Johnson and Matchett, 2001 ). The only crop × season combination that resulted in significantly higher CO 2 with grazing at WREC occurred during summer in the Cotton-FCR treatment. This may have resulted from labile C left during previous grazing of winter crop, although this does not coincide with other differences in between grazing treatments.
Grazing did not affect soil CO 2 production for any crop phase at NFREC. Differences in management between NFREC and WREC locations are likely responsible for differences in CO 2 flux results.
Table 2. Effects of grazing on carbon dioxide (CO 2 ) flux according to season and crop sequence in the forage-crop rotation (FCR) and traditional rotation (TR) of peanut-cotton at the Wiregrass Research and Extension Center (WREC) and the North Florida Research and Education Center (NFREC).
Location Treatment Fall Winter Spring Summer
Lower limit Mean
Upper limit
Upper limit * The difference between grazed (G) and ungrazed (UG) treatments is significant at a = 0.05. † Crop labels are listed according to rotation sequence for the FCR: first-year bahiagrass (Bahia1-FCR), second-year bahiagrass (Bahia2-FCR), peanut (Peanut-FCR), and cotton (Cotton-FCR) and for the TR: peanut (Peanut-TR) and cotton (Cotton-TR). In winter and spring seasons, all crops were planted in winter cover crop with the exception of Bahia1-FCR. ‡ Indicates grazing (G) or no grazing (UG).
Lower limit Mean Upper limit ---------------------------------------------------------------------kg C ha
In particular, the higher cattle stocking rates used at NFREC may have provided more readily decomposable substrates for microbial respiration, leading to an offset of CO 2 reductions observed for grazed treatments at WREC. In addition, only two ungrazed cattle exclusion cages were present at NFREC compared with three at WREC, which may have increased Type I error for analyses at NFREC. Other management practices (e.g., timing of fertilizer application, cotton stalk removal practices) varied between locations and may have also contributed to differences in CO 2 production between locations.
Effect of Crop Phase on Carbon Dioxide Flux
When examining differences in soil CO 2 flux between crop phases at WREC for the season × grazing × crop interaction, no differences were observed in fall (Table 2) . During the winter season, Bahia1-FCR had a significantly lower soil CO 2 flux than all other crops, whether grazed or ungrazed, except for ungrazed Peanut-TR. Lower soil CO 2 flux in Bahia1-FCR was most likely caused by dormancy of bahiagrass during the winter season, whereas winter cover crops were actively growing and promoting biological respiration of CO 2 . During the winter, all crops were planted in winter cover except for Bahia1-FCR. A reverse effect was observed in the spring season, when winter cover crop had been killed to plant the subsequent summer crop. Bahia1-FCR had higher soil CO 2 flux than all other crops for grazed treatments (Table 2) . For ungrazed treatments, Bahia1-FCR was significantly higher than Peanut-TR, but consistently higher than all other crops (Table 2) . Since Bahia1-FCR was the only actively growing crop at this time, an increase in CO 2 flux was probably caused by increased soil and plant respiration while bahiagrass was actively growing. In the summer, Peanut-TR was lower than Bahia1-FCR, Bahia2-FCR, and Cotton-FCR than for grazed treatments, but was consistently lower than all other crops (Table 2) . It should also be noted that although not statistically different, Peanut-FCR was lower than Cotton-FCR, and Peanut-TR was lower than Cotton-TR. Under grazing treatment, soil may be more compacted in peanut than other crops, because of weakened soil structure after peanut digging and harvest. Although no significant differences in bulk density were observed according to grazing treatment in this study, it should be noted that grazed Peanut-TR numerically had the highest bulk density of grazing × crop treatments. During peanut harvest, peanuts are turned from underneath the soil, having a similar effect to an inversion tillage operation. Soil that has recently been mixed is more susceptible to compaction. Increased compaction from cattle grazing would have reduced aeration, therefore preventing CO 2 production.
At NFREC, CO 2 emissions in different crop rotation treatments were affected by season, but not grazing (Table 3 ). In spring, Bahia1-FCR (50.3 kg CO 2 -C ha
) and Cotton-FCR (48.2 kg CO 2 -C ha
) had higher CO 2 flux than Peanut-FCR (25.8 kg CO 2 -C ha
; Table 2 ). Again, peanut digging and harvest may have reduced soil structure, allowing increased compaction by cattle in peanut treatments. Increased compaction would create an anaerobic environment, thus decreasing the amount of CO 2 produced. This effect was not observed in the subsequent Cotton-FCR crop, and it is not likely that peanut harvest had a long-term effect on soil structure. In the summer at NFREC, soil in Bahia1-FCR and Bahia2-FCR emitted more CO 2 than Cotton-FCR and Peanut-FCR (Table 2 ), most likely due to the increased biomass that bahiagrass produces compared with summer peanut and cotton crops. Similarly, Tracy and Zhang (2008) observed higher CO 2 flux in perennial pasture compared to row crops in a continuous corn or corn-oat-pasture cropping systems in Illinois. Increasing root biomass may have increased the soil biological activity, thus increasing respiration rates.
Results for soil CO 2 flux indicate that grazing may decrease soil CO 2 emissions in an integrated crop-livestock system when a moderate stocking rate of 2.5 cattle ha -1 is used. However, the decreases observed for CO 2 flux may be negated by decreases in SOC storage that appeared in some grazed treatments. Grazing of winter cover after the Peanut-FCR crop may have increased soil compaction, thus decreasing soil CO 2 production in grazing treatments. Similarly, Bremer et al. (1998) observed a significant reduction in CO 2 flux under grazing treatments in tallgrass prairieland. Differences in soil CO 2 flux for crops typically occurred between cool-season and warmseason crops at WREC, soil CO 2 flux being higher when crops were actively growing or when more root biomass was being produced.
Methane Flux
Methane emissions ranged from -6.46 to 3.28 g CH 4 -C ha
at the WREC (Table 4) , and treatments did not differ with respect to soil CH 4 flux. Similarly, treatments did not differ with respect to CH 4 flux at NFREC (Table 3 ). Emissions at NFREC ranged from -6.31to 10.91 g CH 4 -C ha
. Although statistical differences were not observed in CH 4 flux at either location, soils often acted as a sink for CH 4 . This is consistent with other studies that have observed grazed pastureland (Flessa et al., 1996; Liebig et al., 2010; Schönbach et al., 2012) and conservation-tilled cropland (Ussiri et al., 2009 ) to act as a sink for CH 4 . Following the release of manure from livestock, Flessa et al. (1996) observed that soils became a net sink for CH 4 after 20 d had passed. Liebig et al. (2010) found that approximately 1.9 kg CH 4 -C ha -1 yr -1 was taken up by soil in Table 3 . Degrees of freedom (df) and P values for differences in carbon dioxide (CO 2 ), methane (CH 4 ), and nitrous oxide (N 2 O) based on grazing, season, and crop variables and their interactions. pastures moderately or heavily grazed by cattle. It should be taken into account that livestock production contributes to atmospheric CH 4 primarily through enteric formation (i.e., formed during digestion and released through the nose and mouth) and through release of manure, accounting for about 20 to 25% of the global rise of atmospheric CH 4 (Lassey, 2007) . This study only accounts for soil emissions; GHG emissions coming from cattle and cattle excretions were not measured as a part of this study.
Nitrous Oxide Flux
Nitrous in the summer at WREC (Table 5) in the summer at NFREC. An overall effect of season was observed for soil N 2 O emissions at NFREC (P < 0.001). Emission of N 2 O at NFREC was higher in the spring than for all other seasons. Higher emissions during the spring could be a combined effect of high temperature in June at NFREC and recent fertilizer application on the winter cover crop that occurred before the spring sampling dates. Increases in soil N 2 O flux during summer and spring seasons are commonly observed (Ussiri et al., 2009 ).
Effect of Grazing on Nitrous Oxide Flux
A season × grazing × crop interaction was observed for soil N 2 O flux at WREC (Table 5 ). Nitrous oxide flux was higher for ungrazed relative to grazed treatments by 290% for Cotton-FCR, 70% for Peanut-TR, and 280% for Cotton-TR in spring (Table 5) . Nitrous oxide flux was also higher in ungrazed treatments for Peanut-FCR and Cotton-TR in summer. No statistical differences were observed between grazing treatments during the fall or winter months. All differences at WREC displayed an increase in soil N 2 O flux when ungrazed. Other studies have reported decreases (Schönbach et al., 2012) or no differences (Liebig et al., 2010) for N 2 O flux in grazed compared with ungrazed treatments. Flessa et al. (1996) observed N 2 O-N flux from cattle manure hotspots at 3.8 to 15.6 g ha -1 d -1 and reported that out of the total N 2 O produced in a grazed pasture, 63% N 2 O emissions were from urine hotspots, and only 1.7% was from manure hotspots. They reported that maximum N 2 O production occurred 10 d after the release of urine. Other studies have also reported increased N 2 O flux under grazing management (Oenema et al., 1997) . To obtain representative N 2 O flux readings according to treatment, gas samples were not collected on fresh manure spots in this study. If samples had been collected from manure hotspots, increased N 2 O flux would have likely been higher for grazed treatments. Production of N 2 O at NFREC did not differ according to grazing treatment.
In summary, differences in N 2 O flux due to grazing were observed only at the WREC location, and often resulted in higher N 2 O flux when ungrazed. Like CO 2 flux observations, higher N 2 O emissions in ungrazed treatments may be caused by increased soil microbial activity attributable to the greater amounts of residue that remains in ungrazed Upper limit treatments, since crop residues can serve as a food source for respiring microorganisms. Differences between WREC and NFREC may be caused by changes in cattle stocking rate, although other management practices (e.g., timing of fertilizer application, cotton stalk removal practices) varied between locations as well. In addition, only two ungrazed cattle exclusion cages were present at NFREC compared with three at WREC, which may have increased Type I error for analyses at NFREC. Grazing did not appear to have a negative effect on N 2 O emissions and decreased N 2 O production in most instances.
Effect of Crop Phase on Nitrous Oxide Flux
When examining differences between crops in the fall at WREC, Cotton-FCR had consistently lower soil N 2 O flux than all other crops in ungrazed treatments (Table 5) , although only Peanut-FCR was statistically higher. Low N 2 O flux for ungrazed Cotton-FCR may have been caused by differences in fertilizer application timing at planting of winter cover crops. At WREC, N fertilizer had been applied to all treatments with the exception of Cotton-FCR and Cotton-TR for the 2012 sampling time. It is unclear why this effect was only observed in Cotton-FCR and not Cotton-TR in ungrazed treatments. In the winter, grazed Peanut-FCR and Cotton-FCR had statistically higher N 2 O flux than grazed Bahia1-FCR; ungrazed Cotton-FCR was higher than ungrazed Bahia1-FCR and Bahia2-FCR. Similar to results for CO 2 flux, this could be caused by lower soil biological activity when bahiagrass is dormant. In the spring, Bahia2-FCR had higher N 2 O flux than all other crops for grazed treatments (Table 5) . Because the increase in N 2 O flux was only observed in grazed treatments, it can be assumed that this resulted from labile forms of N to be respired by denitrifying microorganisms. At the spring sampling, cattle were actively grazing only in Bahia2-FCR at WREC. For ungrazed treatments in spring, Cotton-FCR was higher than Peanut-FCR; all crops with the exception of Peanut-FCR were higher than Bahia1-FCR (Table 5) . In summer, no differences occurred for grazed treatments. Studies that examine N 2 O flux from soil have been highly variable when comparing grazing systems due to unequal distribution of animal waste (Chroňáková et al., 2009; Liebig et al., 2010; Oenema et al., 1997; Schönbach et al., 2012 ). In the current study, it is also likely that unequal distribution of animal waste increased variability, resulting in lack of differences, in N 2 O flux.
CONCLUSION
Inclusion of a perennial forage into the peanut-cotton rotation increased SOC at the surface compared with a rotation without the forage phase, even with the added pressure of grazing. Adding the perennial forage did not affect GHG emissions for peanut or cotton crop phases, and there were no negative effects of grazing on GHG emissions. In some cases, grazing resulted in decreased soil GHG emissions or increased uptake of CH 4 . Overall, results from this study indicate that a grazed FCR likely does not increase soil GHG emissions compared to a continuous peanut-cotton rotation. This study only assessed soil GHG emissions, and additional studies should assess the contribution of enteric production to GHG emissions in the grazed FCR to provide an overall estimation of GHG flux in FCR systems. * The difference between grazed (G) and ungrazed (UG) treatments is significant at a = 0.05. † Crop labels are listed according to rotation sequence for the FCR: first-year bahiagrass (Bahia1-FCR), second-year bahiagrass (Bahia2-FCR), peanut (Peanut-FCR), and cotton (Cotton-FCR) and for the TR: peanut (Peanut-TR) and cotton (Cotton-TR). In winter and spring seasons, all crops were planted in winter cover crop with the exception of Bahia1-FCR. ‡ Indicates grazing (G) or no grazing (UG). § Means with the same letter do not differ within a season among the rotational phases for grazed or ungrazed treatments, respectively, at α = 0.05.
--------------------------------------------------------------------kg N ha -1 d -1 ---------------------------------------------------------------------WREC
